Purpose In addition to environmental causes such as TORCH infection, trauma and drug or chemical exposure, childhood cataracts (CC) frequently have a genetic basis. They may be isolated or syndromic and have been associated with mutations in over 110 genes. We have recently demonstrated that nextgeneration sequencing (NGS), a high throughput sequencing technique that enables the parallel sequencing of multiple genes, is ideally suited to the investigation of bilateral CC. This study assesses the diagnostic outcomes of traditional routine investigations and compares this with outcomes of NGS testing. Methods A retrospective review of the medical records of 27 consecutive patients with bilateral CC presenting in 2010-2012 was undertaken. The outcomes of routine investigations in these patients, including TORCH screen, urinalysis, karyotyping, and urinary and plasma organic amino acids, were collated. The success of routine genetic investigations undertaken over 10 years (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010) was also assessed. Results By April 2014, the underlying cause of bilateral CC had been identified in just one of 27 patients despite 44% (n = 12) receiving a full 'standard' investigative work-up and 22% (n = 6) investigations in addition to the standard work-up. Fifteen of these patients underwent NGS testing and nine (60%) of these received a diagnosis for their CC. Conclusion The frequency of patients receiving a diagnosis for their CC after standard care and the time taken to diagnosis was disappointing. NGS testing improved diagnostic rates and time to diagnosis, as well as changing clinical management. These data serve as a baseline for future evaluation of novel diagnostic modalities.
Introduction
Congenital and developmental cataracts (childhood cataract (CC)) are a major cause of childhood visual deficit, especially in developing countries. In the UK, the incidence of CC presenting in the first year of life has been estimated as 2.49 per 10 000, rising to 3.46 per 10 000 by the age of 15 years. 1 A wide range of systemic conditions are associated with bilateral CCs, including antenatal infection, metabolic disease, chromosomal and single-gene abnormalities. 2 As a consequence of this, a range of investigations are often performed with the aim of identifying an underlying cause. These include TORCH screen, karyotyping, urinalysis for reducing agents and organic amino acids, measurement of plasma galactokinase levels and basic blood tests (such as full-blood count and liver function tests). 3 Despite the publication of several care pathways guiding management and investigation of CC, 2,3 the proportion of cases of bilateral CC in which the underlying cause was identified has been shown in the past to be low. Multiple professionals are often involved, with many appointments and investigations needed as part of the traditional care pathway of the child with cataract.
We have recently demonstrated that nextgeneration sequencing (NGS) is an effective methodology for the diagnosis of single-gene disorders causing bilateral CC, identifying the cause in 70-80%. 4 This indicates its potential to have a significant diagnostic impact for patients.
To evaluate the efficacy of the current standard care pathways, the effectiveness of the clinical investigations routinely undertaken to identify an underlying cause of bilateral CC were investigated. Such data are valuable as a baseline against which to assess future clinical and economic impacts of incorporating NGS into clinical diagnostic pathways.
Materials and methods

Measurement of baseline care
A retrospective case note review was undertaken of 27 consecutive paediatric patients first diagnosed with bilateral CC at age 12 years and under. These patients were identified through the paediatric ophthalmic surgical list of a single consultant at the Manchester Royal Eye Hospital (MREH) from November 2010-2012 (Tables 1 and 2 ). Cases of unilateral cataract were excluded from this study. Outcomes of clinical investigations were assessed up until 1 April 2014. This research adhered to the tenets of the Declaration of Helsinki.
Patients were categorized into groups based on investigations undertaken. The 'standard care' group underwent recommended investigation used to determine the cause of CC as outlined in existing care pathways. These investigations were TORCH screen (including plasma Ig or PCR investigations), karyotype, urinalysis for reducing substances and organic amino acids. The 'extensive investigations group' received additional investigations in addition to the basic standard work-up. This list included array comparative genomic hybridization (aCGH, microarray), single-gene sequencing, fluorescent in situ hybridization and biochemical studies (Table 2) .
A further retrospective review was undertaken of the outcomes of all cytogenetic (karyotype/microarray) investigations conducted on congenital and developmental cataract patients treated at the MREH between 2000 and 2010. Results were divided into those with negative (normal) findings and those reporting positive (abnormal) findings (Figure 1) .
A retrospective analysis of TORCH screen investigations was subsequently performed. This analysis was performed on 42 congenital and developmental cataract patients listed consecutively on the paediatric ophthalmic clinic database; 10 of these had undergone TORCH screen testing. All TORCH screen investigations were performed between 2008 and 2015. Outcomes of the TORCH screen investigations received by each patient 
Results
What is the clinical utility of standard investigations in identifying the underlying cause of bilateral congenital cataract?
To assess the overall success in diagnosing the underlying cause of bilateral CC -that is, of current standard methods of care -a review of consecutive patients was undertaken between November 2010 and 2012. This identified Diagnosing the cause of bilateral paediatric cataracts M Musleh et al range at presentation between 3 days and 11.9 years. The average age at time of first presentation to the MREH was 38 months (3.2 years). Nine patients (32%) had a known family history of CC and five (18%) had a history of consanguinity. The majority of patients (22/27, 81%) received care from other clinical specialities in addition to ophthalmology, most frequently paediatrics (n = 17) and genetics (n = 14).
Ophthalmic examination revealed that cataract morphology demonstrated considerable diversity. Seven patients exhibited mixed morphology types. Of the 27 patients, 11 (41%) had other systemic features (Table 1) . Learning disability was the most frequent coexisting feature. Patients with systemic features had tended to be investigated more extensively than other patients. Six of the 11 patients with systemic features (patients 17, 22, 23, 24, 26 and 27) had undergone extensive investigations (55%) and four (36%) standard work-up. Nine patients had (33%) not undergone any investigations to determine the cause of their cataracts. Of these, 56% (5/9) had a family history of congenital or developmental cataract.
Only one (patient 17) received a precise diagnosis for their cataract from routine examination and investigation, a diagnosis of 17q21.31 microdeletion syndrome made through microarray analysis. The remaining 26 patients remained awaiting diagnosis for an average of 56 months. All six patients receiving extensive investigations underwent aCGH, which yielded only one diagnosis (patient 17). Chromosome 17q21.31 microdeletion syndrome (also known as Koolen De Vries syndrome) is a multisystem genomic disorder caused by a recurrent 600-kb-long deletion, or haploinsufficiency of the chromatin modifier gene KANSL1, which maps to that region. KANSL1 gene haploinsufficiency is necessary and sufficient to cause the full spectrum of the 17q21.31 microdeletion syndrome. However, bilateral cataracts have not been described so far as part of the clinical spectrum caused by the microdeletion or KANSL1 mutations, 5 therefore it is uncertain whether the microdeletion found in our patient is the cause of the bilateral cataracts or an additional finding. Descriptions of further patients with Koolen De Vries syndrome and bilateral cataracts would be necessary to confirm this hypothesis.
Fifteen of the study cohort subsequently underwent testing of a panel of cataract genes using NGS. A definitive diagnosis was identified in 60% (9/15) of these patients (Table 3) , including patient 10 who was found to have a homozygous mutation in the CYP27A1 gene, which is associated with Cerebrotendinous Xanthomatosis.
Clinical utility of chromosome analysis
Karyotyping was undertaken on the majority of children referred to genetics with bilateral congenital cataracts up until 2014, although some had also undergone array CGH analysis. A review of the results of the cytogenetic analyses undertaken between 2000 and 2010, over which period 116 karyotype investigations were requested for patients with CC (including 18 of the patients in this study). Of these 96 (83%) were processed, the remaining karyotypes were listed as 'not performed' (n = 9, 8%), 'failed' (n = 6, 5%) or 'storage only' (n = 5, 4%; Figure 1 ). Ninety-six per cent of processed karyotypes (n = 91) returned negative (normal) results. Only 4% (n = 5) of karyotypes yielded abnormal results. ;p13)(6qter+,wcp6+) .
Thus, of the five positive results, only two were considered potentially causative of cataract. In a study by Stephen et al, 7.8% of children with Down syndrome had congenital cataract. 6 This produces an overall diagnostic rate of 2% (2/96). The remaining three positive findings were judged to be non-causal.
TORCH screening
Since TORCH screen investigation did not yield any diagnoses in the 27 patients in the study cohort a wider retrospective analysis of TORCH screen results was undertaken to further explore clinical utility (Table 4) . Forty-two patients listed consecutively on the paediatric ophthalmic clinic database with bilateral CC were selected for case review (including 18 of the patients in this study). They had presented over a 7 year time frame between 2008 and 2015. Twenty-four percent (n = 10) of these were identified as undergoing previous investigation for congenital or antenatal TORCH infection. The average age of patients undergoing TORCH screening was 3.9 years as of April 2014, which is on average younger than those not investigated (3.9 years vs 8.6 years respectively, ages as of April 2014). This indicates TORCH screen was preferentially performed on patients developing cataracts at a younger age. Of the 10 patients undergoing TORCH screening, 20% (n = 2) had a known family history of congenital or developmental cataract and 30% (n = 3) parental consanguinity. The majority of cases (n = 7, 70%) had systemic features in addition to cataract.
The immunoglobulin titres of all patients were measured, with the exception of patient 8 (Table 4) . Syphilis immunoglobulin titres were measured in only three patients, unlike the remaining organisms (toxoplasma, rubella virus, CMV, parvovirus, and HSV1 and HSV2) that were routinely investigated in the majority of patients. In contrast to immunoglobulin titres, CMV and HSV PCR investigations were conducted in only three cases. Of the 10 patients undergoing a TORCH screen investigation, 7 (70%) had negative results. Positive results were reported in patients 2 (positive HSV IgG), 5 (positive parvovirus IgG, toxoplasma IgG and CMV IgG) and 6 (positive toxoplasma IgG). Placental transport of IgG is likely to have accounted for these positive findings given IgM Table 4 Outcome of TORCH screening and subsequent NGS testing in congenital and developmental cataract patients Diagnosing the cause of bilateral paediatric cataracts M Musleh et al titres and PCR testing all returned negative results in these same patients.
Discussion
Paediatric cataract has a wide range of aetiologies. Underlying environmental causes include antenatal infection, trauma and chemical or drug exposure. Over 50% of cases are believed to have a genetic basis and mutations affecting over 110 genes have been described. 4 Accurate diagnosis is important to provide information to parents, to avoid unnecessary investigations, to facilitate accurate genetic counselling and, potentially, to guide treatment and health surveillance. In the future, genotype-phenotype correlation may also allow for more accurate prognoses. 4 Current standard screening for patients with bilateral congenital and developmental cataracts includes a range of diagnostic tests, although a precise standard diagnostic pathway has not been well-delineated. 2 This case series demonstrates that current investigative strategies yield a very poor diagnostic return in the majority of patients. Just one out of 27 patients (4%) studied between 2010 and 2012 had the cause of their cataracts potentially determined using current investigative techniques. In addition to cataracts, this female patient, aged 15 at the time of this study, had global developmental delay and recurrent epileptic seizures. Her diagnosis of 17q21.31 microdeletion syndrome was made by aCGH and was confirmed before the appearance of developmental cataracts. In the majority of patients involved in this study, the cataracts remained of unknown aetiology, despite 10 of the remaining 26 (38%) undiagnosed patients having systemic problems in addition to their cataracts.
It is of note that testing for galactosaemia in our cohort involved only urinalysis for reducing substances. In fact, this will detect only classical galactosaemia due to GALT deficiency (OMIM*60699) and will not reliably detect galactokinase deficiency (OMIM*230200). The latter is more likely to present as isolated congenital cataracts, and will be missed if screening of plasma galactokinase is not carried out, whereas infants with classical galactosaemia usually present with liver failure in the first week of life, therefore prompting the diagnosis. Currently, screening for galactosaemia is not included in the UK neonatal screening programme. Analysis of the GALT and GALK genes is, however, available as single-gene tests and may be carried out if biochemical testing indicates a galactose disorder.
A low-diagnostic rate for patients with CC has been demonstrated in other, larger case series, including those conducted by Rahi et al 7 and Haargaard et al. 8 Rahi et al 7 reported that no cause of cataract could be identified in 92% of unilateral and 38% of bilateral cataract. Similarly, Haargaard et al 8 did not find a cause in 50% of bilateral and 87% of unilateral congenital or infantile cataracts. This study therefore shows that over a decade after these reports, current diagnostic rates for bilateral CC remain disappointing.
This is the first study that quantifies the limited diagnostic capabilities of standard testing before the introduction of NGS to clinical practice in April 2014. The average time awaiting diagnosis was 56 months with only one patient actually receiving a diagnosis, despite 18/27 (67%) receiving the standard work-up or extensive investigations.
Our results also demonstrate the variability of care pathways for patients with CC. The majority (n = 22, 81%) received care from a variety of specialities in addition to ophthalmology, underlining both the heterogeneity of CC and the burden of care for these patients. There was variability and inconsistency in the patterns of investigations exemplified by the many patients with a positive family history (patient numbers 3, 4, 5, 7, 8, 11, 13, 21 and 25) indicating a clear genetic diagnosis but who nevertheless underwent the standard battery of tests with negative results. This included four (patients 3, 4, 13 and 21) who underwent the full standard work-up plus additional extensive investigations (Table 2) with negative results. Nine of 27 patients did not undergo any investigations, despite this being the current accepted standard.
In the current study, we confirm that, when an integrated paediatric genetic team implements NGS in the diagnostic pathway, this can deliver positive diagnosis in a majority of patients with CC. While six patients in this study underwent NGS panel testing as part of a research study, 4 a further nine patients underwent NGS panel testing following its introduction as a diagnostic service. Overall, therefore 15/27 patients had undergone NGS cataract panel testing and in this cohort, a diagnosis was found in 60% (9/15) of these patients ( Table 3) . As the cases were seen consecutively, this should have eliminated any bias which may have been introduced by selecting particular patients for study with NGS. Diagnoses with systemic associations included oculocardiofacial syndrome (patient 12), galactosaemia (patient 23) and cerebrotendinous xanthomatosis (CTX, patient 10), a potentially treatable metabolic condition. 9 Mutations associated with isolated autosomal dominant congenital cataract were found in several patients (patients 4, 7 and 16), so in these patients systemic involvement could be excluded and appropriate genetic counselling given to the families.
Overall, this study demonstrates that current standard investigation for patients with bilateral CC is of low clinical utility in the majority of cases as a means of identifying a diagnosis. We perhaps need to challenge the views that investigations such as a TORCH screen needs to be undertaken in every patient when there are no other clinical indications. Congenital TORCH infection normally shows other features such as microcephaly, thrombocytopenia or hepatomegaly, with cataracts an uncommon manifestation. 10, 11 Infants with classical galactosaemia present with liver derangement and though exclusion of galactokinase deficiency remains important, infants with this condition have a milder disorder. This condition could be excluded as part of a gene panel. Different guidelines for standard care and low return of positive results lead to inconsistent investigative patterns and, as demonstrated by Gillespie et al can lead to a delay in the treatment and management. 9 The work suggests that NGS cataract panel testing has the power to offer considerably greater diagnostic efficacy (although currently it must be noted that this technique will not always reliably detect gene deletions and is not a substitute for aCGH in cases where there are cataracts plus additional malformations, growth or developmental problems). One other consideration is whether there are any negative impacts on parents of receiving an early genetic diagnosis through NGS, especially if this reveals an unexpected syndromic cause. What is now required, however, is a realistic assessment of the relative value-formoney of NGS technology within an affordable and deliverable care model for bilateral CC that can be judged against the steadily increasing financial pressure on clinical services to ensure both optimal allocation of resources and cost-effectiveness and also fulfil patients' needs.
Summary
What was known before K A significant proportion of patients with paediatric cataracts are undiagnosed.
K Next-generation sequencing (NGS) is able to diagnose 70-80% of bilateral CC in research setting.
What this study adds K Quantifies the effectiveness of current routine investigation in diagnosing congenital and developmental cataract.
K NGS achieves a diagnostic rate of 60% in clinical setting. K NGS enables a diagnosis to be made in a significantly shorter time period than current investigations.
